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Tho object of this thesis is to find out how .;cll 
the function of volta'-o multiplication can bo accompli shod 
throuch the use of presently avallablo tra^^slstors . 

The problOT; is onalycel by expre ssin'^, in a Taylor 
series, the collectox’ currant “’S c fvinctlon of the 
inputs (collector voltage an-.l fimitter current). Through 
analysis of tho resulting, series for sinusol .ual inputs, 
the component of collector current at the sum or uiffer- 



ence of the input froquoncier; is 
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and a Oonercl electric, Type 11, ti’anslstor on which tho 
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I. INTR.)DUCViOW 

Because multiplication of bv/o eloctricol signals, 
cither voltages, currents, or o combination of the two, 
is on important operation in most electrical comr^utation, 
many schemes have been devised to yield an output propor- 
tional to the product of the inputs. It is the pi;rpose 
of this thesis to investigate the suitability of transis- 
tors for this operation. 

The aethods of multiplication can be roui:hly 
divided into frequency bands over which they are 
applicable. For Instance, in the low frequency range, 
up to about 100 cps, many purely mechanical methods arc 

available. vOno of the most accurate and best known 

(1^ 

methods is that employed by Bush and O&lauoll which 
utilized the wheel and disc integrator. The product 
of X and y was formed in accordance with the equation: 
xys^xdyt ^ydx. The error of this method probably 
would not exceed one part in c'5,000, but the equipment 
is very expensive. 

A number of other mechanical mothous ere available. 

Anonj these are logarithmic esms, r.>iOCh&nlcal models of 

( 2 ) 

similar trianrles, and various types of bsr-linka' es 
These devices, while slightly faster than the integrator 
method, are also strictly limited as to frequency, and 
have a probable error of from 0,1 to 1 percent. 
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Also in the low frequency ren;e, combint^tion Teclipnicr.! 

and slecirio'?! rothoia, utilltr.in;? servo driven brid;©s 

( '^) 

and po tentio-neters, have been x'scd " , These uovlces 

hnvo an error of about 0.1 percent. 

An electronic pulse siotVsod has been used in which 

one inp.ut controls the saiplitude of e rectanprlar wave, 

(K ) 

and the other input controls the duty ratio . The 
time integral of the -save is i.roportioncl to the product 
of the two inputs. Ais schere yields cn error of less 
than 1 percent, biat is lirrltcd in frequency to sbout 
6o cps. 

In a noditur, froqtaency ranpe, i:u to <3bout 1 ko, 
the simple elec tro dyne do,rtc ter ana a probability nethod 
have been used. The electrodynaiooiictcr operates on the 
principle that when tv/u fluxes ourr ^uun.ilnp. a fi do d Oj i i 
movable coil are each mado propoi-'tionnl to an input 
voltape, the resi;ltant torque is proportional to the 
product of the two input volta-es. The px’obability 
method, devised by Hrrdy^''\ is based on the fact that 
the probability of time coincidence of j-ulses cccurrln'' 
at noncommenaurable rates is proportional to the products 
i.r the probabilities of the- occ’jrrer.ce of the separate 
pulses at a ~iven time. The in], ut qi;'.>ntiti?»s control 
the dvxty ratios of the various julo Sv^urcos, while 
the duty ratio of t?ie output of a ccinci donee circx:it 
gives a jr.easure of the . I’Diuct .^f the ^pjantities. in 
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error cf less than 4 percent bas been obtained by this 
method. 

Various purely electronic devices -nay be used to 

perform multiplication for frequencies up to about 50 kc. 

Selected high-vacuum tubes with square-law charact- 

( 5 ) 

eristics have been utilized in this range ; The two 

voltages, e^ and eg, to be multiplied are added and fed 

2 2 

into the square-law tube. Tliis yields -v 2cj^02 -h © 2 * 

Simultaneously the two voltages are subtracted and fed 

2 2 

into another square-lav/ tube xvhich yields e^ - 2 e-|^e 2 + 02’ 

Bj subtracting the second of these results from the first, 

a product term, 4®1®2> obtained. Obviously any variation 

from perfect square-law characteristics in the tubes 'will 

cause error terras to arise, 'ialancing circuits have 

been designed to minimize such variations caused by 

aging, temperature changes and drift due to random 

(o' 

fluctuations of the tube emission' \ In this manner, 
errors of less than 0,5 percent have been obtained. J'- 
disadvantage of this type circuit is the difficulty 
of separating the product (including the d-c component 
of the product) from the plate supply voltage. 

The use of germanium crystal rectifiers in a voltage 
range where they have approximately square-law character- 
istics largely overcomes drift difficulties. An 
additional advantage is tViat the input capacitance of 
these rectifiers is about one tenth that of the square-law 
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t’jbea. Powovcr, the inp'at transformer roqrirod to form 
the su-n and iifferonco of tbo inputs must also step 
dov;n the Infut imjJGdance to '•.atch the low impedanco of 
the crystals. fhe proiuot is thpn of very low voltefc 
but does not reqtairo separvition from the plate s\:pply 
voltcre, as was the case for iho vacuu” tubes. These 
rectifiers e.lso exhibit hysteresis effects, and cro not 
readily interchar.yeabl e because of large variations from 
the nar.ufacturer • 3 characteristics. fhus this use of 
crystal r^'ctificrs shows little edvnnta; e v>r o similar 
use of vacuum tubes. 

bra.on-'ntial-law >ievicoa *hich uao trsnsfor charac- 
teristics of roriote cut-off jentodca, current-voltare 
characteristics of high vacuum diOdcs in negative 

plate voltaro region, and ccpper-or.ide or germcniuir. 

(3 7 ) 

rectifier bridges have ueen investigated by others . 

These devices have been designed v»'if>i an err^r of less 
than 2 percent, but they exinibit the same difficulties 
as the square-law devices prsvicusly discussed. 'n 
exponential-lav/ reethod utilizing the principle of 
disenarjing caj^acitora has also been invns tigated 
The accuracy was about four times better than the types 
sTientioned above, now'svor, this device is United in 
frequency to about 2 kc due to the time required for 
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A csrr icr-frequenc:/ niultiplier boo olao been Jevioed 

which aiakea use of a variable gain atnplifier, the ~ain of 

whlcb is ccritrolled in accordance with one input ai.-nal 

( ) 

by aiecns of a feedback loop'" . The cnplifier input 
is the otV-.er signal. Thus the output is proportional 
to the iroduct of tlie two inputs. ihis multiplier >- ss 
an upper frequency limit of about 50 kc. it is the 
fastest device rientloned. 

/Multiplication netbods which use mul ti-electroue 

{ Q ) 

vacuum tubes have utilized'^ . The converter tube has 
the property that ius plats current is : roportional to 
the product of the input voltages applied to t7,\e two 
control griaa. The inputs ■'xvst be unidirectional, 
therefore alternotinp inputs must oo suitably biased. 

The important disedvanta'-’e of the converter tube as a 
multiplier* is the difficulty of separatia-p the desired 
product from the plate supply circuit. This difficulty 
can be overcome by using a tuned transfermer, i rovided 
that one of the is Modulated -rior to its appli- 

cation to the multiplier. The product is no>v shifted 
in frequency by the amount of the carrier and is rsodily 
amplified in n a-c coupled amplifier. The sense (positive 
or negative) of the product is uetorained by its phase 
with respect to the carrier. 

The input a.iSpliei via tho modulator appears in the 
plate circuit and passes through tho plate-circuit tuned 
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transformer along with the i^roduct term. This input 
term is undesired, and although it lies outside the 
frequency range of the desired product term, it ■hp.j bs 
nuch larger in amplitude. The output of the desired 
term mey therefore be United by overloading duo to 
this undocirei term. 

If both of the inputs were ’’.odulated, tlie proiuct 
can be selected by means oV a filter tuned to the sum 
or difference frequency of the two carrier inpxat fre- 
quencies , There is then no undosired term at s high 
level in the output of the multiplier. Overloading end 
limitetion of the output by the undosired term is thus 
avoided. The relative disadvantage of trio schome is 
the increased equipsiont reQuirod, 

The example methods mentioned obovo far from complete 
the many ways in which electronic signal multiplication 
has been accomplished. They do, however, indicate the 

-v 

scope of the problem. 

it can bo shown that any nonlinsar device, having 
an output which is r function of two variables, will 
exhibit in its outxout a sum or difference fz’oquencjr term, 
a portion of which is i.roportional to the product of the 
two variables. The rest of that term can be considered 
cs an error. If the error is small enough, multij)lication 
can be nicely accom^ lished using s modulation scheme 
similar to that employed with the convertor tube described 



top liMU«» tiU 1ft mwm9MkMm^d^099mam Ui Ml 
f« Mfl cMC« Mft« tMPMit 

M*ii* a* 'dft MiMf M mm$Hrn nh 




M* #H*MI*»^ MiM# M f4- 

Wf ftftj tli »>fMMl «ft4M£ # «M*ft ^ 4M9 

^yi« • •%«••• •^»«ftuat Sif tl 9^%m9m0 

urns ma mf^ ^tftt ifM • « M ma 3« ««o«« wi f 

^ 9^ppft» •» •»«jpajc«* «i% <Siiiii»— 

MM«KVitft<*ftiis 

iwfu i 1 1 t U^ <>»€» f» ftb <pt* 4«Bft M 

MU wmmttml ‘ «■■» mm 

— ‘-••••^4 «» mmrn% 

n— Adb- ^ ^ 

Mfr «» • #t M)ft «« <««■••»• 41 

..«M. 1# IfMMc |4 Oft 0^CM A. 4 

I Ml> • M «■» IM %«4«ftnr M 4 P « Ml W t «T 

Mio«i4«44i^ iMi^ fiM < m • jmmm^ 



above. i5o'.vors^^^^, workln,^ islth a transistor, isolated 

this ter.n. He has found that over a very limited dvnrTic 
ranee, the error portion is relatively soiall. jn order 
to find out ho-jv v7ell a transistor can accomplish tbo 
function of c. converter tube, this inve stiration has 
set out to determine this error portion, and to rttempt 
to find oiQons of rninimlzinf it. 
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II. i-RKT- pl 



In this sectioa ths ej?sejaa.al c'eps followed to 
obtain the fi-^al useful data are d«cci*ibed, IJe tails of 
those steps are presented in tho Ap^o dlx, papos 32 to 1^2 
Also presor.ted in the Appendlr are the Investl patlons 
carried out, but later disco-.. tiuued because they led 
either to inctnclusiv© or ina.^equato i'-'ror.^f.tion. 

In all fe followin-, work, the synabcllss os in^ientod 
below has boe i ced; lower-ca^e lettiri: eta,.J for i-^stn-itan- 
eous values, uppor-case letters for r.ra vai-ues of sinn- 
soidclly varyin'3 qjfiatltles, uppor-c'-'ce lettorc 
subscript ’'m" for peak val-oa .f sir.usc x .rlly varyin 
quantities and uppcr-cnse letters '.<itr. subscript ’’o" pox’ 
direct vt. . ^es. 

*”.vo investiratlons v?ere cra’riod out sir.ultsi.eovaly. 

In one study the application of a coiinsrcial cstorn 
nlcctric. Type A-IS93, transistor to oiult jpl icatio.n was 
invectipatea. 1 .. the other study n a..,Justed ?{ ncral 
ilectrlc, 'I'ypa 11 , transistor tas .invosti ated alorj' 
the snree lines. 

A tjj.-icsl set of coll: c tor volt a e (e ) vf'rstis 

0 

collector currof t cncract- ri sties r;re snoi/r' in 

x^i"’ara 1. Pr-.-m t:: eoceni nation of the collector cbnrrcl'-- 
ristics it was uecidod that t^e ..ost f^as'^Llc type of 
multiplication would Do t’^it of tiultiplyinp collector 
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FIGURE I 

manufacturer's characteristics of 

WESTERN ELECTRIC TRANSISTOR 
MODEL A 1698 







COLLECTOR VOLTAGE 6c (VOLTS) 




X'. ' 



volta;:;e times omittor current, ani tskinr cjllector 
currsu.t as the outcut. Since the transforsatlon of 'urrents 
to volta os rnd vice vers'' is r simple operation, the end 
result of aulfciplyinr volta es '-nci retting a volta'-e pro- 
pcrtionol to the product is still retained. 

It follows that fur ideal multiplication, the cclloc tor- 
characteristics should bo such t’;ii\t ^hc curves of constant 
omittor cirrcnt (i|) sre rndirl otraiuht linos omanr tinr 
from the origin, /.Iso, at constant collector volta e, the 
incremental values of collector current for equal incre- 
mental values of e.r.iltGr current are c. ns cant. ?o show 

If i. - K e^, 
for ^ Cl 

1‘hls shows that the constanc curves arc strai ht lirr s 
from the origin. 

For C’c = C2 

i,. r K C2 ij. . 

This shows that ir.crcuonta of eollcct»,r curre.it are constant 
for equal increments of e. -litter c’orr- nt. 

For any feneral char' cteristics, op-'^ration cac be 
visualised from a; inspection of a ‘ravlor iorlGs c?.i.ausion 
of Iq as a function of i^ end e^. about ar opcretlng point. 
This complete expansion is shown in the ApneiiJix, p' res 38 
to ii-2 , for two sinusoidal inputs of uifi't'rerit frequencies. 
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It is seen frcn this cxprnsion thet the t.ri c-vritalring- 
the sum onJ difference of the input freopencies hcs a 
conponcnt that is proportional to the procivct of the 
amplitudes of the inputs, 'iut it also contains conpo"cnts 
which are proportional to other functions of the inputs; 
these are error components. 



'/ c themr t i c si ly : 

(sum or 
uif fsrence 
frequency ) 



a,..-: I. 

h c ^ 1^: c c 

^3 c ^ 



ill- 






C t dc 
I p 



P } 



It was foxmd that, within the accuracy of the neasure- 
rnent devices employed, only the first three terms of the 
above equation were of sufficient magnitude to be measu- 
rable. if the fourth and subsequent t* rms ar° ignored, 
thi 3 equ G tlon be come s : 

lo u™ or = aj. 1 + + <i, ol£ '’■) 

difference 

frequency) 



where 
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Kor conveni' nee the ii'iojsLons of the qua'ititios used are 
in volts and milll '.mpei^es . 
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that th" cosiploto expression, in the ,\,ie-.\Kxir 
on pepe I|.l, indicates that for idocl ".nl llplicetion, s.i,, 

' t 

0./^ nr,i f'll the foliowlnr coefficients must be scro, 
thereby ylelciins; the straight lino characteristics 
cribed above. If that portion of the outpvtt (I^,) that is 



at the sum or iifferencs froquency of the inputs (-J^ end ) 
is isol'^ted, perfect incremcr tal multiplication would 



result if &i2* ^ 1 -V ^ succoedin 



c ^eff Icionts contributin:; 



to the sum or differo- ce freqo'enc',' portion va,~is'''ed. 



Therefore one desired result .v&o -^etcx'.nination of o 

and a, i . A second desired result was c riOa-iG of u.axic •icin.-; 

a^ and miair.ii 7 .ini',: a ^2 ^ 14 * 

■'s part of one irvestipation the point-contact pressure 
of a General 'Electric, I'ype 11, transistor was recix. ced. 
ihis had the fortuitous result of measurably straii*htenin;* 
the constrnt i^ curvss shown on th© collector charretoris- 
tics. It was further dnown that adjustment of the waddinp 



resistors shown in 7ipure II would have narked effects 
upon the characteristics of the er-uivf lent transi e tor , 
where the equiv f'‘lcu t transistor is no>‘' oonsi .er.'d to b© 
thrt Insi^ie the t'^rmlnali. 



intor,v©peri.-.-uit aJJustuents of and verc -ir.do 

U"til the char ceteris tics .cf t)'C equivalent trs' sister, 



about th© i.perating poirit -■*, volts, - l.f r.a, 

were apx ^^^ntly the best obtainable in re ari to i-ruirl 
linearity and equal li^risontal spacin,!. 
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The two invest!. '.atiors ".ersurod the coe.f f icients 
ai2 ^7 .'neans of U'.o circuits shown Firuroo III 

and IV. for one invest!' ation the whole of Firure II virs 
inserted within the four ter'iiln.cls S'.owr in Fi;urt ill. 

For the other. Figure IV was tised as shown. The rnd 
inputs were varied and the J ^••uti.-ut was aieasured at <*>o - 
t»». ^100 cos, at 3 <a), •+ -InOO cs^s, .rid at 3io. >■ u>, ^ 

^ ~ i. d * d 1 

1000 cps. -’nsure.-nents at the last t»#;. freq-.-e cies '^cre 
used to calculate the tnaruiti’dos of , nnd ai- . The 

^ .;u L 

sipns of these coefficients were det~r;oi'v.u from a c.rrld- 
eration -f the chnn-e in slope of the out^-ut, -',1110 
one input constant and incronaii-. the other. frple 
calculations sr« shof.n in the A:vp*'ndix, pa.-'e [|.3 . 

The excroEsion thus obtained for the ;.ut, ut curr ■ t 



was comxjsrod with 
The dynemic ran_e 
■rex-imurj ©rr^r of 
The ronps of 
-odlfied, 
by mcars of the c 
the order of .laqr- 
.'cultlpli'-r output 



the r.s soured values lor ov rail cccurocy 
of oml tiplicati;.r!. Mrn uc l...r,eined for a 

i-ossibl:. input i requer.cies of the 
transistor of 'I'-urc .l 1 , iffas irve rtif-ate-d 
irculb of fi'ure ill, while -..aintainlnf 
ituis of the ..iffcrence fre-,uency. He 
was mersurei rs ^i^nction of the ear 



of the Inp-ut frequencies. iho rccurncy of mvl tipllcotion 

r these ’-'i'oher frequencies. 



was dcterniriod fo 
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FIGURE n 

EQUIVALENT TRANSISTOR 



Ri 




TRANSISTOR WITH REDUCED 
POINT CONTACT PRESSURE 



FIGURE m. 

MEASURING CIRCUIT FOR DIFFERENCE FREQUENCY CURRENT 



WAVE WAVE 

ANALYZER ANALYZER 
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III. R..31LTS 



Type Invegtiratlon 

The dirfi.ronce frequency coraponent of the output (1.) 

c 

vsas >nc£,oured while uslnj;; a stender,., uripadJed stcaterr-. 
flectric, i'ypo A-lo9v), transistor In the circuit of 
Pirurc IV. The observed data is plotted on ripures V 
end VI. Indicated on Fi;'urs V is the area cf operation 
within \;hich the rr.axivun error of the oi^tput from perfect 



ffiultiplication was less than 9 percent. Ihc coefficients 
of equation (1) on pare 11 were calculated yieldinp the 



follo’winr result; 



( si-a or 
dif Terence 
frequoncy ) 



Z (0.31 - 0.0377 



- 0.350 if) 



T 

' C 

C c 



(^) 



This equation defines the aossured data out to = 1,5 
volts vrltLin rn eccurscy of 1 percent. 



Ai lustment of hosistivc i addin.-' v/lt 






11 



the chsnrea in the colloct.^r characteristics of lh;e 
equivalent tranKistor car-sed by varying lha rcslstorces 
sh:>wn in Fi' uro II were invasti"atod. 



it 

_1 

Decrcasin. fa .nod the curves of constsiit i^ clock- 
wise, The .soveaent was nut unxlorm. The ij^ : 0 curve 
remained relatlvsiy stationary as did the high curves 
'Which ‘Were nearly horizontal, i” is adjustment '^ad Ixttle 






AX * •*rtf 

• ~ I • »* • iiv •* ."> -m^ 

-• ;•» *ww«^ j ,-f « 'A* 

1 4x«»^JI> •■ •». <«*4X4»'«%> • •* f - k r,r^ ,A4**J%«4.\ 

• .^4 I 'I 4 < i > 

J «» M | UP > I •-•« ^ mx " ( ■ 4 4 V 



«»«tt •““ ' • Tk ▼ 

»•* **;» • 1 ' *••". L»i o •• 



• »•»! 



<•1 • /% 



I A * 1*461 <r 



3 - • '? 



i ^ f rk til •^t|t*» 'if 
1 4 4 • • *1 . I f fc '1 



^ .-1 a 

^-. c:d • • t - nu .! < l ••*» T ' 

,tfc — I 54 ^a#«i Ufir 0U^ 



St 



■ *L . 



,-cx . u * ^ -icr 



I • 



^ V * X * 






. > • I • ®c 



»4 

•* I « • • « 

» • 

I « • • 1 



••f - ^ 

• 144.4 



I » 



ii 



I • 



_ ,_ s r^ 

•A' » * • Ii *AA* • • • • 



• * • 



16 



FIGURE UL 

MEASURING CIRCUITFOR DIFFERENCE FREQUENCY CURRENTS 
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FIGURE 31 

EXPERIMENTAL DIFFERENCE FREQUENCY OUTPUT 
CURRENT VS INPUTS APRIL 15, 1952 R, G. I. 

W.E. TYPE A-1698 
CIRCUIT OF FIGURE IZ 
BIASES: Eco'^'^v I,n=l.5ma 

CURVE OF 
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FIGURE 21 



EXPERIMENTAL DIFFERENCE FREQUENCY OUTPUT 

CURRENT VS. INPUTS (CROSS CURVE) APRIL 15,1952 
R.G.I. 
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offttct uyon the linearity, out thp? h^.i-i£;^nlni spacin 



*as 



'noasurnbly chtnied. 



R- 



-iecreasint, ??') had r coatrastirii effect from that 
observed v/j.th a slnilsr odjustuent of R 3 _. 'i’^e o>.nstarit 

curves were far/ned countor-ciock'.vise , 'n ith the - 

and hifh curves reiaained relatively statiouory. i"' is 

ad jus tii’.ont also priinarlly effected the ’"orizontsl sptclr.;^, 
R 



.’eoreosin; faiuiad all the constant ig 



irvcs clock- 
wise. 'ya.n the :r.oV 0 i.jsnt was not liTilforn, p-? b.1 her 
curves -.lorged toaetV'er more quickly I’lan the lo^/er curves. 
Ti'.e linearity of the curves increased as .^ccreeGsd. 

OptlcuT. settin, s of these reaisvors were f‘. und oo 
epproxl nstely: ? = t . = l‘SO£i end u-, - d, ;jOA. 

'■ 1 ’ J) 

Low .Procurncy Inv .sti. atlon of fa daed Typo 11 

'he -neral lectrie, dype 11, transistor with reduced 
point-contact pressure a- d j a.^aed with the resistance 
values det'" mined above, was -nsortel in the cii-cuit of 
Figure 111. P"e ciiff rorce rroau’‘uccv coJtiponent of I'^’C 
output ,) was f.’.eacj:rod aod is plotted cn Plf'ures VII ani 
Vill. I’-iicctei .n o’! p, 'T. /II ic the '■■rea of operation 
vithin which the msxirtiu •. orr -r cf the output from :crlect 



rnult ij. iicntion wr-a less t'-a.i j percent. 



'oeffi cl elite 



of equation (1) on pare 11 »ere cnlcrletea ieldlnf the 
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FIGURE 2H 



EXPERIMENTAL DIFFERENCE FREQUENCY OUTPUT CURRENT VS INPUTS 
APRIL 4, 1952 S.N.R. G. E, MODIFIED, PADDED TYPE II 

CIRCUIT OF FIGURE III 
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FIG URE SKL 

EXPERIMENTAL DIFFERENCE FREQUENCY OUTPUT 
CURRENT VS. INPUTS (CROSS CURVE) APRIL 4,1952 




I 



f ollowinr re sv.l t : 



r (j.:29 - 0.0002 - 0.0.0,'^ ’4) ' , I, (3) 



■^c ( SU<*1 Ol’ 

dif f '‘rence 
f roqtjoncy ) 

This equation defines the "ig car rod d-’to within on r ccu'^tu'^y 
of 3 yorcont. 



Response bq a {''’unction of r'req'uency of the iadded Type 11 
The values ofci^ end varied in the circuit of 

Pifure ill. sum or difference frequency component 



of the 
for Ig 
Ficure 



or't ut (i_) 'AOS "of'surod <?nd is plotted on fi'^ure 'IX 
- 0.203 ma, md on Figure ); for = 0.'i.lo ma. 

XI was derived from Fi(~vrcs I>v ar>d X by cbv.osin~ a 



constc t Ep of 1 v,.lt and plottinr the lifference frequency 
component of tb© output versus the 'iean of f^r inwi. t 
freq'oencics for the two e'ltt/r c’-rronts shown. 

The coefficients of eqi’.ation (1), no n function of 
frequency, Acre detorTilnod by t-rir.l and --rror t;/ r,uT.k- this 
equation post nearly fit the data r;.lottcd an Pi .ur'S IX 
, Those cooffici nts are ^..lotted on i^l;'urc a_I. 



and X 
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FIGURE IZ 

EXPERIMENTAL DIFFERENCE FREQUENCY OUTPUT 
CURRENT VS. INPUTS APRIL 25, 1952 S.N.R.,R.G.I. 
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FIGURE X 

EXPERIMENTAL DIFFERENCE FREQUENCY OUTPUT 
CURRENT VS INPUTS APRIL 25,1952 S.N.R. R.G I. 



G. E. MODI FI ED , PADDED TYPE II 



C I R CU IT OF FIG. EH 
= 0.416 mo. rms. 
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FIGURE TL 



experimental difference frequency output current vs frequency 

APRIL 25, 1952 SNR R G I 
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FIGURE XK 



EXPERIMENTALLY DETERMINED DIFFERENCE FREQUENCY COEFFICIENTS VS. 
FREQUENCY G.E., MODI FI E D, PADDED. TYPE II TRANSISTOR. APRIL 25, 1952 
RGI SNR 
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Optiriuir. A-i.1u 5 toont of rolnt 

For comparison puTi-oses tbe biases vf the 
ncatern .^lontrjc, Type transistor were ' rbltrrrll ,/■ 

set at ~ -4 V Cj-i ^ c 1.9 me. it wns f • It that the 
transistor operetl m rs a Tivlmipli-r ^as rot t^o sons^ tivo 
to changes In ths iiod V;lasce, TIoA>ev-.r, since no 
Investigation of vsri.^us operstin^ pn. ints ’''•as been .or.de, 
it esnnot be Jefiriitci.’ concluded that the chosen o.er‘'tin~ 
point £;ivcs the 'r.axicn.i':; rsn^^e or aacvrac,/ of cirltirlic&tion. 
Beeaxise of this in'iecision, it is recoTinondcd that f-.rther 
investlpatlon be undertak v'l at uifferant biases to deter nine 
tho optinurn op«3ratinm point. 

The oporrtinp point anJ paddinr rosis lance vclucs 
used with the nio^ified 1 .r.eral -lectric, fype 11, trprslstcr 
were dot'-rml ned for tho a^. pr-oxirncte 'taxiTiun accuracy" of 
nultiplication. procedure used is iiccussed in ^etail 

in the 'Ipi endio jn pa,-es 36 t-o 38* this inr. trace , Jt 

was foil that r-oar ncxi-'u*' acevroep >.''■•0 attained. It Ic 
conceivable, however, that this seoti ■ ii.. not yiel-d a 
correepondin ^ naxi-tu-u rrn'_e of irputs; corsiiorlri;' the 
upper limit to be fixed by accc_, ta^'^lc accuracy, aiu- the 
lower limit to bo fixed by noise. it is therefore f<='lt 
that furtVier inv:'Sti ation of oaxi..'U">i r?cvrac7 an 1 ran^’e 
of inp’j.ts ahoul 'i be undertaken. fhis could bo acco'Si iished 
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by first varyirif the ai-pllod biases, then aijustin^; the 
poddinp resista’.cos as slrecdy described, ana finslly 
analyzinf the dlfferonco I’requenc" cord-onc-nt of the output 
for ran:© and accuracy. 



Comparison etyeon Outputs of ^/-pos 11 and '-I 698 

comparin; the acc^’^acy find ranre of multiplicatlon 
betwne.} the two proTiOced transistor components, both 
graphical presentation of Fi^urss V rnd Yil en i the 
equations ( 2 ) rnd ( 3 ) v;ill .0 utilised, ''or reedy refer- 
ence these equations arc; 

- (0.318 - 0.0377 -c - --350 It) It (2) 



for t>;e standar 
and I = ( 0.029 



.'S-S tr..;-r. 



0.0002 



lectrn c , 
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(3) 



for the padded, mw iified contact pre.ssure, ■h*:nnral Icctric, 
Typo 11, transistor. 

horisolizin' ; these cq"0tions '.viLri respect to the inert 
. roduct yields for eqizption (2) 



^ . "Sl 



= (1 - 0.11-..-5 



- 1.1 It) 



I.. 



an d for e qu a t i o n ( 3 ) 

= (1 - 0.0069 - 0.0276 1“) h I . 

From these nor is li so ,1 eqi.r blono it is soar, that for ary 
given sot of irijt-Uts, th; c.ut^ut of the staoicri Vrstti-n 
• loctric transistor is cb_ut 11 Li-ncs ' z lar as the 
output of the modified, .■addr'a '.cneral -Itctric tr'-nsistor. 
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Of ti'-ore importance however; the error portions of the 
output of tlie standard >*©Gt6rn -.lectric transistor arc 17.2 
and 3^.9 times as iRrp.e ea the corresponding; orrer r^ortionc 
of the equivalent denersl ;'.lectric transistor. 



.‘'rbitrarlly ccnsidoriri'’ a 



■ncxiouna 



fccoptablc error of 



5 percent j Piyuroa V and Vii show that 
input values for the equivalent denoral 
is about four times that of the stanuar 
traasls tor. 



the rence of possible 
lectric transistor 
i 0 3 tern lectriC 



Prom these consideratione it is evident, that for the 
chosen cx>«?ratin^r point, the modified, padded dcnoral 
Electric transistor offers proater poasibilitles for 
utilization in p;rsctical multii, lioation circuits. 



Response as a Function of Frequency 

The results of the frequency invostipation of the 
modified, padded General ioloctric transistor ere best 
analyzed from biyure XII. -roin an inspection of these 
curves it is concluded that rs the mean of the input 
frequencies is i.ncreo.se4, the accuracy fails off sliiVbtly 
until a frequency of about reached. At 

about this frequenc'/ cccvr&cj starts to i'jprovc. The 
o]jtimum of accuracy is reached at about 6, JOO or /,00o cos. 
Upon further increase in the mean of the input frequencies, 
the accv;racy of mul ti] lication is rfdically rcducedo It 
is therefore concluded that accuracy sets on upper 



'»■ -r A CsTf® |u 

*,'■1 ^ ‘ r-i-*-' i •*<• -•* !• 

.•■■v. :»***i T ^i •*0L* '• • *•< t ' »4 c a>- «'*^C 

. etiS* 1*. 1 • . ^"*5 •*! i *3'« Q • ; * • I 0 e . 

"» S,«TI *0 «| • T • • . k •■ - o ■ 

9-t -*Aj j * • < _ C li ♦ ^t * • 0 . . ^ c o . . , 

»v^t , f* . . 4 ' -u •»»-•- # 'ti^i; 

■ it*'' i '< ) : *'1» Ttf ?l -* *j • . » »• •» 

. ♦•'. «i *v» * * 

«. j : 1 i* ^ j - * jf /-• .*•*•. A •# •* - *. « 

,i -**J*'*| ••.• •• 

•L=>i * - * ’ili uej V . *! *j ^ : . . % ' • . - j . ■ j .*/ 

, • < . ~ 6 ' i ! *• f . - i ‘ • i ■» 



yu urJ-.'Vt^’* :f ^-J J^ J--^. >. 

i*'-*: X t “ ' ■ .. V. 

.ik*a n# ^ > *:~ ,i , 

">• »J w« <n^ .A.’ 

.> «# 'l*A •»• ^ 4 f*» ; ' < 

• j . • ' I « ^*! f • X • • ' • ‘ • * ‘ • ' : • C 3 C 



f,» V . s 6, . ^ J » V*.' t ^ * 



■# tt « • • 1 ■ ( 



•> . <» o®i , I • • • *• 1-4 • . • 



. # • • 4 « . * * 



^ J .'-'• *•» ’ 

• r t •• 

r * %>*' * *) * * .* 



»§* S »»««.- •• ''• ^ ^ 

» ,■• »l *' ;► •;*' •-.. 



30 



limit on zhe inpui, frequencies of about 10,000 c].- 2 . 

*bis ol^'Gos sever-* frequency lirdt*‘tion u^ion the i-oselDle 
UC8 ol this equivslent trsnsist-er ?.s an electronic multi- 
ply in-; device. 

"espouse ss f Function of .L't-joereture 

In certain applications the freqi'-ency limitation may 
n-ot bo critical. ocause of feis, a further investigation 
of the effect of temperature Vftrir-tions upon the eq'oiva- 
lont transistor responso is recom 'ended. 

Intercbant-oebillty 

I'inally, an investipati^'n is rsco-nmendevl determine 
the intereV an; eability of transis t-ors ; that is, il-e 
variation of .r.v>lti..licatlva chor'-cicristics emon •• several 

s aao type . 



transiat'ors of t--'r> 
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A. DETAILS OP i-ROC^DURr; 



i- rc 1 inlnnry rx^ocediare 

rttsiTipt ?.'as initislly mado to chock the transistor's 
adaptability to electronic ’multiplication by n:athematical 
analysis of the usually accepted linoar equivalent cir- 
cuit« Tnis approsoh proved useless since multiplication 
is essentially a nonlinear v^veratlon which obviously 
could not be derived frora a linear equivalent circuit. 

An attempt k'ss then made to doterrino the transistor's 
sdaptability to the problem by a combination liisthenf-tical 
and rraphical anslySiS of the transistor cu85‘cc fceri sties 
os puolishod by the mariuf acturer . to oefinite eoncl'.ision 
could be I'eached by this method because of the infinite 
number of possible choices r.c to v>peratin;- points and 
amplitudes of sinusoidal inputs. . Further, the 
accuracy of this type of analysis *as very poor due to 
inherent graphical inaccuracies* This becavae particularly 
apparent when small sinusoidal inio ts viere considered. 

It was then decided tc investigate the proMssa 
primarily by experimental methods and s’.’.bsequently 
attempt to correlate the experimental findings with the 
transistor characteristics , 

Type i-*~lo93 inve3tl''^ation with >dr3ct Inputs 

An oxperinontal investiy ation of the application of an 
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unpcaied fesicrn - Icctric, T/po , tx'e.r.ci£; tor 

aede. .'irect c::rr^nt and voltf.'G inputs ’vuie fii’et ’S^ 

?he res Its ?/ere epnln Inconclusive i-rimorily becai-re of 
tnoasure.nent ici Itles. 'ry^e incrc='mental J-c values to 

be measured uere so sufill ^_th z’oSi^ect to the bias values 
that accuracy i..f :es sure 'lont ves not i-ossibl© even after 
balar'scinr out a fixed ^-ortlon of the bias. 

Typo /‘-loyr ..nvesti atl.;n •with Cno ^ I tern^'tin; Intut 

In an rtte.^^t t. circumscribe thi.s dirfic'’lty the 
unpaJdsd transistor «aa irive;- wit^' a >iroct o -itter 
current in^n’t an^ a biasf' i sinusoiisl collector v.lta-'o 
input, i’lic c-o siynal ir tho v,ut uu curx’-'nt co';ld t' on 
be iS'oiatoJ by blockin-- tbs d-c path v/ith r cap^cit'or 
»>:oae ic^;e iar.ee to t''-- r-o .cirntl nc^ li: ii 1." . T”''-- 

I’osults of t';is e/. eri.-ne '..t vtovc -carter.inr. «lth r 
properly biased a-c sirnal, ar orti-Ut '’urront proportion''!, 
within 5 ycrcont, to the .ro-nct of t^e d-c a-id r-c 
inputs was o- t-ainsd, ' onev r a very atteu'. r tion 
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slopos of the consta'it ^ curves or..- inversely propor- 
tional to the values of , un ■ t>'e curves of c.nstcrt 
ij are straii^h t • lines et arbitrary horizontal s.. rci>r'. 
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This investi_ac^in indicated that t^ero v;as a restricted 

area over w'',ich these stipulations held »it lin i lus or 

minus 5 percent. ThoUjth this experiment wra enc ^vrcrln-/ 

/ 

it provided c very li-titcd solution to the -’cneral ^.rcclem 
of tiUltiplicetlon. Por this re«Sv.n no further invectif'ati 
from this view^^oint was attemptocl. 

Rv^sistivc jialdin;:^ of Type A-I69S 

Pi'om f' study or tho desired c*' rracteristica r.s 
discussed on payclOof zl\e . rocedure it v/as iecioed to 
attempt to Improve the stanuard transistor characteristics 
To accomplish this the rasiativo net'«ork of Fi; uro >III 
was added to form another eqiivalent transistor. Through 
adiustruent of the resistors 1-,, ^2 ani it was hoped to 

attain perfect multiplication over at lo'^st a 11 itod 
ranye of inorts. Unfortunately this t*or'c on the ..cstern 
i lectrlc transistor, iiaiisd as sh>,*n In Fit’ore 
felled to produce tbo .losiroj results, linGarlty 

of the constar.t i^ curves coulo be l-<;Mroved, or the 
horicontal spacirr- of toese curves cc^li be 3:ade ;ore 
nearly equal. 1 owsver, >ne -f those results couli to 
ccconplird cd only bj a serious forToitvro of the other. 

An attcinp't to doter’i.ino 0. set of „ptinu ■' valui;c "or U- e 
paddinj resijtors made at this 

juncture because it was .ociwicd tlrst it would be •’tore 
desirable to make a cemparison cetween the multiplicntlve 
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FIGURE XTTT 

EQUIVALENT PADDED TRANSISTOR 
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ability of s ctf-r.orrd trsnoiotor and that of ors3 with 
reduced point-contact pressure and adjusted pcddir.;^ 
resistors . 

Auproximste Adiustsisnt of rsddlnt r<esistars tho.vn in F.^>\3re II 

The qualitative effects jf changes in the values of 
the paddin,- resistors shown in rlruro II on pa, o ll^ was 
assessed by rceans of a plotter that auto'^atically traced 
tho collector characteristics, /n approo:iT.ate sd just'cerit 
was -.rdo for jptioiuci rsdoal linof'^ity and equal horisontal 
spacin,'. Those values were: !]_ r 2}")rv, ^^2 ~ 1.6k, djj = 19K, 

Static Ghs.racterlsticr, 

Throu h use of tho cii’ouit cf >iruro ill, pare lip , 
v/ith the a-c aenoratorn sh„rt circuitcxi, sn attosiut was 
•cade to measure the static collector charrcterlsticc for 
various values of the pad.iin,'^ resistors. i.his proved 
itapossible because tho quantity neosux'ed vieponded upon 
tho direction fro'»i which it was approached. This phone ’'oron 
was attributed priciarily to ’.oisture effects. T'-^ese efforts 
had been av: ravated because the transistor had boon opened 
for li ''’htenin". h tyxjical iiscrei-r.ncy obtained s»'hen 
varying ig frorr. sero to four a sn.l bac>: to sere was a 
2> pjorcent difforonce in tho readings oetwoor, 
and second zero -..f ij . 
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Linearity Check 

To ieter-Jilrie the effect or. rc.iirl linearity due to 
changes in tho paddiny reals ts.'rs, the followin' scheno 
was first tried. At a yiven operatiny r^i’^t, 1^ was held 
constant and a-j eltei-natlny cirnal ( of known r-nplitude 
was applied. The altornatinr corsponont of collector 
current (I^) wes rtiaosc red. If the* constant curves 
wore to t>e linear, It follows that 1„ sl-ovld bo propor- 



tional to 



-.ver thoi:‘”h it bad beo'n observod on tho 



plotter that ebanres in the paddiny i^eciatora had narked 
effect on the linearity, it proved very aifricult to 
discern these offsets when t^tilizln; t' is sch-e;r.o. 

A occond .-aethod was tried which proved qiaite satis- 
factory. KiTiitter curx*ent -.vas apain hold constant, but 
Instead of kcepiny tho oc-eratiny point fixed and varyli' 2 ? 
was hold constant and tho c-peratinp point was 

Sr- V> 

'inovod up and down the constant ig curve. If the curves 
were to oe linocr, it follows that 1^, should be constant. 
Around tho operating point of - -d volts <nj .wa, 

the optim^n-j linearity sd ju^siinent yielded Hi = 730 a, dp - 2r, 
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Horizontal bpaclnr dhcck 

To checl. tho horizontal Sj. 
nltornatinT si nal (Ij ) was sue 
oporatinp point v/rs Toved alon 



j oin a cons ton t a;n^. 1 i cude- , 
lied to the emitter. -'ho 
a constant line. -ho 
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altvipnalin ' o.:ni-or.cnt v,i. c;'lloct>r curpi nt .<as '©■‘sircd. 

If the horizontal -^los to b« aqu*5l, sV oull te 

constant. /. considerction froTi this point of view yielded 
optimuT. values of ~ ‘-2 " 7^0Jl, and 

Linserity with these valv'es was chocked. oince tl;o 
linearity waa not yreatly differeot rr.,/.a that obtained 
wit>i the optimuTi for linearity, whereas c^anc'es in the 
resistors a critical effect on spaf'in, , it was decided 

to use these last vol'oes f^.i’ the succeoiin- work. 



Collector dl-aracteria tics 

Sufficient arta had been taker “hen deternlnln,, 

3. acin" and linearity to jilot the collector characteristics 
of the nolifiel, i)aAlod translstcz'. ? :^r inf-or'-.r tior this 
is shown in r'irvre hIV. 



Taylor o^-rles .^>:pgnsion 
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